Abstract: Transient elongational rheology of PP is investigated experimentally. A specifically designed fixture consisting of two drums mounted on a TA Instruments ARES rotational rheometer was used to measure the transient uniaxial extensional viscosity of two commercial grades polypropylene in the molten state. The Hencky strain was varied from 0.003 to 2 s -1 and the temperature was fixed at 180 o C. The measurements show that the steady state elongational viscosity was reached at the measured Hencky strains for polypropylene. Eslami and Grmela have recently introduced a reptation diffusion term arising from the intermolecular chain forces into the rigid FENE-P dumbbells model. The same approach has been used in this study to interpret the transient rheological data in both shear-free and simple shear flows.
Introduction
In spite of advances in testing of rheological properties of polymers, both experimental measurements and modeling of uniaxial extensional rheology of polymeric materials remain a challenging task. The difficulties lie in generation of the uniform elongation flow field applied to the polymer melts, in control of the flow conditions, and in careful measurement of resultant force/torque which is used to calculate the material viscosities (Sentmanat et al. [1] ). However, recent progress in custom designed and commercial experimental techniques to measure the shear-free properties of polymeric melt and solutions enabled polymer scientist to reach elongation rates beyond those available previously at transient regimes and has revealed interesting aspects of elongational properties of various polymers. The studies show the new commercial instruments are able to produce and control the elongational flow of interest with much higher accuracy and to precisely determine the properties. Examples include the RME commercial design (Meissner and Hostettler [2] ), filament stretching technique (Bach et al. [3] , Wagner et al. [4] ) and a newly developed commercial uniaxial elongational fixture, so-called SER technique (Sentmanat et al. [1] ). All these equipments are able to determine the transient elongation viscosity with different degrees of accuracy.
Before proceeding to the bulk of this paper, it is important to highlight the significance of shear free rheological data of commercial polymers for polymer processing applications. Although most practical processes use shear for homogenization, mixing (either melt blending for thermoplastics resins or solution mixing for the thermosets) and other preparation stages, shear-free flow properties are yet important in certain applications where pure uniaxial elongation and biaxial stretching is applied to the material. Examples include elongational mixers, fiber spinning and film stretching where strong shear-free fields are applied to the material and one often encounters with the situations that require knowledge of elongational viscosities of the polymer materials under process. This paper presents a systematic study on both experimental measurements and theoretical predictions of elongational viscosities of polymer melts. We first describe the experimental steps of the present study which include preparation and characterization of the test polymer samples. We then use a SER test fixture mounted on a controlled strain rheometer to measure the extensional stress growth for the PP samples. We investigate the startup elongational rheology over a range of Hencky strains measurable by this fixture.
In elongational flows, the original FENE-P model has limitations due to the absence of any chain stretching. The macroscopic stress and hence elongation viscosity within the context of FENE-P rigid dumbbells is a consequence of macromolecular chain orientation vector only, resulting in overestimations of the steady state elongational viscosity at larger strain rates than the inverse relaxation time which the SER fixture enabled us to measure. Eslami and Grmela [5] recently attempted to improve the FENE-P model predictions by a new diffusion term to model the chain reptation or stretching. The theoretical part of this paper focuses on transient elongational viscosities predicted by the rigid FENE-P model in comparison to the modified model which takes into account the reptation of polymer chains into the time evolution equations for the conformation tensor. Additionally, we present the evolutions of the polymer chain conformation in a simple shear flow with time and chain stretching parameter. Rheological predictions are then compared with the set of experimental observations measured with the SER fixture and in simple elongation mode on the commercial polypropylene resins. We present time dependent as well as steady state rheology of linear polymer chains using FENE-P dumbbells formulated by nonequilibrium thermodynamic with and without chain reptation [5, 6, 7] , and compare predictions with the measured elongational viscosities.
Theory

FENE-P dumbbells
In this section, we derive the FENE model in the polymer configuration space and using the closure approximation suggested by Peterlin [9] , transform it to the tensor space. In the original FENE model known as the Finitely Extensible Non-linear Elastic theory Warner described the polymer (solution or melt) as a suspension of noninteracting dumbbells [10, 11] . Each dumbbell consists of two beads by a spring which model intramolecular forces through the following relationship:
where H is a spring constant, R is the vector connecting the two beads and Ro is the maximum spring length. As they move through the applied flow filed, the beads experience Brownian motion, Stokes drag and the spring force. Peterlin suggested a preaveraging approximation on the FENE dumbbells which results in the following equation for the connector force [9, 10, 11]: ( )
The bracket denotes the integral over the polymer configuration space as follows:
where ψ is the configuration distribution function for the polymer chains. It is usually believed that the FENE-P constitutive equation derived from (2) is a good approximation of the FENE kinetic theory, particularly in elongational flows where the distribution of dumbbell configuration can be assumed to be highly localized [10] . From the kinetic theory of polymer liquids, Bird et al. [15] derived the diffusion equation which is obtained from the equation of momentum for the dumbbells and the equation of continuity for the configurational distribution function as follows:
where κ is the velocity gradient tensor (
and ζ is a friction coefficient for the beads. For the FENE-P dumbbells, the diffusion equation can be transferred into the configuration tensor space. The resulting tensorial form of the diffusion equation using the FENE dumbbells and Peterlin's approach known as the closure approximation, will give the following relationship:
where 2 0 HR b kT = and κ represents the velocity gradient tensor. Alternatively, Rajabian et al. [6, 7] using the non-equilibrium thermodynamic approach by considering the convection (non-dissipation) terms and dissipation process of flowing polymers derived the following expression for the FENE-P dumbbells:
In this equation which is the governing equation for the polymer conformation tensor, γ& , and ω represent the rate-of-strain and vorticity tensors, 0 Λ is a mobility parameter along the polymer chains and c Φ is the free energy derivative with respect to the conformation tensor (see reference 6 for more details).
FENE-P dumbbells with the assumption of chain reptation
Here in this part, we use the concept of local FENE-P dumbbells developed to model polymer chains by the addition of a new dissipation term to model reptation of the macromolecules. In their way, the intermolecular interactions among neighboring FENE-P dumbbells can be presented by means of an additional term in the free energy of the macromolecule. In the conformation tensor level, the state variable for the polymer chains is described by a 3x3 tensor C(s,t) which is the second moment of
Rs R R dR where R is the end to end vector of the polymer and Ψ ( , ) R s denotes the configuration space distribution function of the macromolecule chains (Eslami and Grmela [5] , Rajabian et al. [6] ). t denotes time while s (-1< s <1) parameterizes the chain stretching. The free energy of the polymer consisting of local FENE-P dumbbells with the chain stretching is therefore expressed as follows:
In this expression, the first term is the overall kinetic energy, the second term contribution of FENE-P type interactions or intra-molecular forces, following by the well known entropy contribution to the energy sum of the polymer melts. Here, n m denotes the number density of polymer chains, H the rigidity of the connector, and R 0 is the maximal length of the dumbbells. Note that the last term represents the energy associated with the interactions of polymer chains and K signifies the extent of such intermolecular interactions.
As usual, to derive the governing equations for the conformation tensor we need to define the dissipation potential and Grmela [12, 13] : are phenomenological parameters to be determined by experimental observations of the measurable quantities such as shear or normal stresses, viscosity, etc.
The governing equations for the polymer conformation tensor components are accordingly as follows: 
where ij ω and ij γ& represent the vorticity and rate of deformation tensors defined as:
Note that in these expressions, the free energy derivative Φ c is given by:
where b is a constant equal to:
The extra stress tensor is now calculated by the standard equation as follows: We can note that expressions 11, 12 and 13 form a set of six partial differential equations of independent variables t and s. The equations are to be solved numerically to obtain the conformation tensor components and then using equation (17) extra stress tensor. A numerical code in Mathematica was developed to compute the components of the conformation tensors and hence the extra stress tensor. The initial conditions (t=0) are the equilibrium solutions obtained after solving the following equation:
For the boundary conditions, the following values after simplifications are obtained and used to solve the set of the differential equations: 
Here we illustrate the simulation results for the selected flow conditions of potential interest in processing of polymer materials. The following model parameters are used in our computations in simple shear and elongation flows: b=5; M w =10 5 ; ρ=1000 kg/m 3 ; T=453 K.
a) The velocity gradient tensor for the simple flow is given by (Bird et al, [14] ):
and rate of deformation and vorticity tensors are:
The material functions at the startup of shear flow are written as follows:
b) In uniaxial elongation, the velocity gradient tensor is equal to:
The material functions at the stress growth on inception of steady uniaxial elongation flow are written as follows: 
Results and discussion
Model predictions
Figures 1a through 1d present the conformation tensor components in the simple shear flow at . Since the flow direction is x 1 , we note that C 11 increases to its maximum value as the steady state is attained. On the other hand, both C 22 and C 33 decrease until they reach to their steady state values. We also observe the effect of reptation on the conformation tensor components which is more pronounced at the center (s=0) where chain stretching is more significant and C 11 attains its maximum and both C 22 and C 33 reach their minima with respect to variable s. We notice that the end points of the chain (s=±1) are assumed at equilibrium at all times regardless of the type of applied flow and hence conformation tensor components obtain their equilibrium values at the boundary of the chain, i.e. . From a physical point of view one can say that the applied flow motion is conveyed by the end points to the polymer chains; therefore, the response by these points is pronounced much faster than the whole chain. 
Fig. 3.
Elongation viscosity results for (a) the original FENE-P dumbbells, b=10; Mw=10 5 ; ρ=1000, (b) the FENE-P dumbbells with the assumption of chain stretch, b=10; Mw=10 5 ; ρ=1000; K=100; k 1 =1; k 2 =0, (c) the FENE-P dumbbells with the assumption of chain stretch, b=10; Mw=10 5 ; ρ=1000; K=100; k 1 =1; k 2 =0; .
Figures 3a through 3c display the transient elongational viscosities at the different rates of elongations for the rigid FENE-P dumbbells and local FENE-P dumbbells with the assumption of chain extension, respectively. Elongation viscosity predictions of Figure 3a reveals strong strain hardening with the increased steady state viscosity values for higher rate of strains. The effect is more significant at high rates of elongation where increasing the rate of strain raises the steady state viscosities. Although this behavior is observed with some low density polyethylene and polystyrene melts, Bird et al [15] , our experimental data on polypropylene melts reveal different trends in the elongational stretching experiments (see the following section). That is why we have attempted to improve the model calculations by additional diffusion terms in the rigid FENE-P dumbbells. 
Experimental results
Sample data for elongational viscosities for the polypropylene melt PP1 are shown in Figure 4a . The model predictions are also presented by solid lines for all four rates of strain. respectively. η + is observed to decrease with increasing ε& without ever going through a maximum. The experimental data of elongational viscosities for polypropylene melts used in this work do not show any strain hardening behavior (abrupt upturn in elongational viscosity curves).
To validate the model in a simple shear test, in Figure 4b we plotted the transient shear viscosity data for the polypropylene together with the model predictions by fitting the model parameters. Again, we see satisfactory agreements between the startup viscosity data and the predictions. The time dependent increase including the steady state plateau value is well predicted by the model. Figure 5 displays the elongational viscosities of the polypropylene with the low melt flow index (MFI=0.5). The elongational viscosities are much higher than those of polypropylene grade with the higher MFI shown in figure 4a. Since the measured torque was larger for the PP2, the data are presented for a broader range of strain rates. The time to attain the steady state in the elongational test is much longer than PP1, about 1000 sec. The model predictions are well consistent with the elongation viscosity data for all Hencky strains. The elongational and shear flow behavior of polymer melts can be explained both qualitatively and quantitatively by assuming the reptation diffusion term. The model can explain elongational properties for a wide range of polymer materials. The governing equations developed on the mesoscopic or conformation tensor level together with the extra stress tensor were solved for the selected flow conditions. It was found that the model predictions had significantly improved to fit the experimental data of elongational viscosity for the commercial polypropylene melts used in the investigation.
Experimental
Two commercial grade polypropylene provided by LyondellBasell Industries named Pro-fax 6523 and Pro-fax 6823 were used for this investigation. The melt flow indexes (MFI) of the polypropylene melts hereafter called PP1 and PP2 were 14 and 0.5 g/10 min, respectively.
Measurements of extensional viscosities were performed on a SER fixture model SER-HV-A01 (Xpansion Instruments LLC) specifically designed for use on commercial torsional rheometers. The fixture consists of two drums mounted on a system of gears and bearings connected to a drive shaft whose rotation results in the desired Hencky strains on the two drums which rotate equally but in opposite directions. The fixture was mounted on a controlled strain ARES rheometer (Advanced Rheometrics Enhanced System). The Hencky strain applied to a test sample can be expressed as:
where R is the radius of the windup drums, 0 L is the fixed length of the specimen being stretched which is the centerline distance between the drums and Ω is a constant drive shaft rotation rate. The torque recorded on the rheometer obviously displays the torque on the drums due to the resistance of the specimen to elongation at a tangential force according to the following relationship: 
where A is the cross sectional area of the film sample. Since the instantaneous cross area of a stretched molten specimen decreases exponentially with time and the polymer samples exhibit a decrease in density upon melting by volumetric expansion, the following expression is used to calculate the cross section area at a given time: Sample specimens for extensional rheological measurements were prepared by compression molding at 180 o C and a fixed time of 10 min. The film sample after compression molding was cut to a rectangular section of approximately 17 mm by 12.7 mm with a thickness of about 0.3 mm. All tests were performed at a constant temperature of 180 o C. The Hencky strain range selected for this work was between 0.003 s -1 and 2 s -1 .
